We describe spatial filters used in a Nd:glass laser with an output pulse energy up to 300 J and a pulse duration of 1 ns. This laser is designed for pumping of a chirped-pulse optical parametric amplifier. We present data required to choose the shape and diameter of a spatial filter lens, taking into account aberrations caused by spherical surfaces. Calculation of the optimal pinhole diameter is presented. Design features of the spatial filters and the procedure of their alignment are discussed in detail.
Introduction
Solid-state lasers with pulse energies ranging from tens of joules to several kilojoules and pulse durations from tenth fractions to tens of nanoseconds are required for a number of applications, such as inertial confinement fusion [1] [2] [3] [4] [5] and intense femtosecond pulse generation either by directly amplifying chirped pulses in Nd:glass amplifiers [6 -8] or by using them for pumping of Ti:sapphire amplifiers [9] and optical parametric amplifiers [10 -12] . The high-pulse-energy lasers are typically composed of a chain of laser amplifiers with a diameter increasing from input to output. Transport telescopes in these lasers are required to match the beam diameter with the amplifier apertures [5] . In addition, they relay images of successive planes passing through active elements (AEs) of the amplifiers, thereby lowering the beam intensity variations in the AEs [13] . Pinholes in the focal plane of the telescope lenses decrease the angle of view of the amplifiers to prevent parasitic lasing caused by parasitic reflections from various elements, lower the level of amplified spontaneous emission [14] , and suppress small-scale self-focusing [15] . Transport telescopes with a pinhole are called spatial filters (SFs) since they filter out high-frequency components of the spatial spectrum. The quality of lenses and telescope alignment governs the laser beam quality, whereas the quality of mechanical elements of the filter (lens mounts, telescope casing mounts, pinhole mounts, and alignment unit) determines the stability and reliability of the laser. For these reasons, spatial filters may be viewed as one of the key elements of intense laser systems.
The theoretical aspects of the above-mentioned functions of SFs have been widely described in the literature ( [5, 14] and many other publications). The telescope lenses discussed in those papers were considered to be aberration free. In practice, however, lenses are mainly made with spherical surfaces. Such lenses do have aberrations that must be taken into account when designing transport telescopes. Also, little attention has been given to such important issues as choosing an optimal diameter of the pinhole, pinhole alignment procedure, and design features of SFs.
In this paper we describe SFs used in a Nd:glass laser with a pulse energy up to 300 J and a pulse duration of 1 ns. This laser is designed for pumping of a chirped-pulse parametric amplifier [11] . In Section 2, we present data required to choose a SF lens, taking into account aberrations caused by spherical surfaces. Section 3 describes the procedure of choosing the pinhole size. Design features of SFs are discussed in Section 4, and the procedure of SF alignment is given in Section 5.
Calculation of Telescope Lenses
Transport telescopes described herein are made according to the Keplerian scheme, i.e., in the form of two positive confocal lenses with focal lengths f 1 and f 2 . If the optical axis of both lenses is aligned with the beam axis, for an axially symmetric beam it is only the spherical aberration that makes a significant contribution to the wavefront distortion of a beam passed through the telescopes. When such telescopes are used in a multistage laser, it is difficult to avoid parasitic lasing due to residual reflections of light from antireflective coatings of the lenses. Therefore, the lenses have to be tilted off normal by a certain angle. This results in two additional aberrations-astigmatism and coma. Astigmatism occurring when the beam passes through the first tilted lens can be easily compensated by tilting off normal the second lens in the orthogonal plane. But coma and spherical aberration remain. The necessity to minimize them determines the choice of the shape and focal lengths of the lenses.
A. Choosing the Lens Shape
The lens shape or the curvature of lens surfaces should be chosen so as to minimize aberrations. In transport telescopes, aberrations manifest themselves by spreading of the focal point (Fig. 1) . With an ideal lens, all rays passing in parallel at any distance h from the axis will converge in a single point (ray 1). For an aberration lens (ray 3) the size ⌬y of the region occupied by the aberration spot depends on h. For coma and for a spherical aberration [16] 
where ␣ is the angle of beam incidence on the lens, and the Seidel sums W ϱ and P ϱ for a thin lens are calculated by
Here n is the refractive index of the lens material, r 1 and r 2 are the radii of spherical surfaces of the lens, and C is the ratio describing the lens shape:
Formula (3) shows that the spherical aberration, i.e., parameter P ϱ has a minimal value P s at C ϭ C s :
However, in this case coma remains significant be-
On the other hand, it can be easily shown from Eq. (4) that for
coma becomes zero; i.e., W c ϭ W ϱ ͑C c ͒ ϭ 0. In that case the value of spherical aberration assumes the form
For n Ͻ 2 the value of P c differs from its minimal value P s of Eq. (6) by less than 1%. At n ϭ 1.5 the minimal value of spherical aberration P s ϭ 1.071 will be for C s ϭ Ϫ1͞6, and if we put coma to zero ͑C s ϭ Ϫ1͞9͒, then P c ϭ 1.08. Thus, to have minimum aberrations in the telescope, one should choose a lens shape according to condition (7) so as to zero the coma rather than minimize the spherical aberration according to condition (6) .
Let us compare the contributions of coma and spherical aberration to phase distortion and beam divergence. The coma contribution depends on the angle of beam incidence on the lens ␣ and may be neglected at small ␣. On the other hand, at large ␣ the coma contribution becomes more important. Let us, for example, consider a onefold telescope with a beam diameter of 10 cm ͑h ϭ 5 cm͒ and a lens focal length of 350 cm. According to Eqs. (1) and (2) the beam displacement for coma ⌬y c equals the beam displacement for spherical aberration ⌬y s at ␣ ϭ 2°. This means that one may completely neglect coma at Fig. 1 . Ray traces in a thin lens. Ray 1, no aberration, no diffraction; ray 2, diffraction, no aberration; ray 3, aberration, no diffraction.
␣ Ͻ Ͻ 2°. From the viewpoint of the beam divergence (or M 2 parameter) for the above-mentioned telescope the coma contribution to the beam divergence may be neglected at ␣ Ͻ 2°. At ␣ Ͼ 4°coma increases divergence and the M 2 parameter substantially and hence coma compensation is important. For example, at ␣ ϭ 10°use of the coma-compensated lens described in Eq. (7) instead of the spherical aberration compensated lens described in Eq. (6) reduces the M 2 parameter from 1.5 to 1.2 for the 8.5 cm diameter Gaussian beam.
In any case the divergence of a beam passed through any optical system consisting of the comacompensated lens described in Eq. (7) is less than the divergence of the beam passed through the same optical system consisting of the spherical-aberrationcompensated lens described in Eq. (6) . Taking into account that the coma compensation does not require any special efforts (just to use the lens with the proper surface curvature radii), we may conclude that the coma compensation is justifiable in any case. It is also valuable to note that coma (on the contrary to spherical aberration) induces non-axially-symmetric phase distortions. Hence, spherical aberration suppression by an adaptive mirror is much easier than coma suppression.
The finite thickness d of lenses used in telescopes corrects to a certain degree values of parameters responsible for the spherical aberration described in Eq. (3) and the coma described in Eq. (4). The value of spherical aberration ⌬y sd is less governed by the lens thickness. Direct calculations of ⌬y sd by ray tracing [16] show that even for very thick lenses with d ϵ 0.4f the value of ⌬y sd is different by only 10% from an analogous value calculated by formula (2). As shown above, for a thin lens with n ϭ 1.5 at C ϭ Ϫ1͞9 the coma is zero. For a thick lens it is difficult to totally zero the coma. However, as ray tracing shows, for a not very thick lens with d Ͻ 0.1f the coma is always lower than the spherical aberration: ⌬y cd Ͻ Ͻ ⌬y sd . We assume that the angle of lens tilt ␣ is no more than 15°. Moreover, this inequality is valid not only for C ϭ Ϫ1͞9 but also for reasonable accuracies of lens fabrication Ϫ0.12 Ͻ C Ͻ Ϫ0.1.
Thus, although coma-induced distortions, in contrast to those caused by spherical aberrations, have azimuth variations of beam wavefront, the coma can always be neglected, provided the lens shape is optimal according to expression (7).
B. Choosing the Lens Focal Length
The above expressions allow us to determine a lens shape that would ensure minimal aberrations. However, the absolute value of these aberrations depends on focal lengths of the telescope lenses, and, besides, the spherical aberration is inversely proportional to the second power of f [see Eq. (2)]. As a result, there arises a problem of the minimal length f 1 ϩ f 2 of the telescope providing high quality of radiation. Such a telescope should not considerably distort the wavefront; i.e., it should not significantly increase the divergence of laser radiation.
Minimal beam divergence is determined by the diffraction limit d , which depends on the intensity distribution. Spherical aberrations increase the beam divergence. For a super-Gaussian beam with radius a, which is a convenient idealized case of bell-shaped beams, the complex field amplitude at the telescope output will be written as
where V is expressed through the Seidel sums of telescope lenses P c1 and P c2 and telescope magnification N ϭ f 2 ͞f 1 :
Here k ϭ 2͞ is the wavevector. As the criterion of the minimal length of the telescope we may select a ͱ2
times increase of the beam divergence due to the spherical aberration compared to the diffraction di-
or a physically equivalent condition,
where M 2 is the beam quality criterion [17] . For a Gaussian beam, d ϭ 1͑͞ka͒ and M d ϭ 1. To calculate and M 2 for a beam with an arbitrary intensity profile and aberrational phase, one may use expressions for derived with the method of moments [18] or for the M 2 parameter [17, 19] . As a result, for the laser field described in Eq. (9) we obtained 2 
where ⌫͑x͒ is the Euler gamma function. The quadratic component of the divergence can be compensated for by means of a lens with a focal length of F cor ϭ Ϫ͑ka 2 ͞4V͒ ͓⌫͑2͞m͒͞⌫͑3͞m͔͒ [19] or by varying the distance between the telescope lenses by a distance of f 2 2 ͞F cor . In this case the beam divergence is given by 2 
Equations (14) and (15) show that conditions (11) and (12) are equivalent to the equality of the focal radii of a nonaberrated beam with diffraction and a spherically aberrated beam without diffraction: ⌬y ϭ r diff in Fig. 1 . Substituting Eq. (15) into Eq. (11) or Eq. (14) into Eq. (12) and taking into account Eq. (10) yields an expression for the minimal focal length of a longerfocus lens of the telescope:
In case of a onefold magnification telescope ͑f 1 ϭ f 2 ϭ f, N ϭ 1͒ with an aperture radius of R ϭ 5 cm for a Gaussian beam ͑m ϭ 1͒ with a ϭ R͞2.3 (at the edge of the aperture R the intensity will be 10% of the axis intensity) the minimal length will be 2f ϭ 400 cm. For a flat-top beam ͑m → ϱ͒ with the same parameters, 2f ϭ 562 cm. In many applications, of most interest is the farfield distribution or spatial spectrum. Figure 2 shows the radial electric-field distribution in the focal plane of an ideal lens for a beam with a flat phase profile and with aberrations introduced by the onefold magnification telescope with the optimal lens shape ͑n ϭ 1.5, C ϭ Ϫ1͞9͒ both for the case when condition (16) is satisfied and when the focal length of the lens is twice as small as in condition (16) .
It can be seen from Fig. 2 that even for a flat-top beam when condition (16) is fulfilled the field is localized close to the axis at distances comparable to the distances that are determined by diffraction. At the same time, when the telescope length becomes shorter, the focal spot is much blurred. Note that the Strehl ratio falls from S ϭ 1 for an unaberrated
quality criteria on spherical aberration is given in [20] .
The criterion of beam quality described in Eq. (16) is weaker compared to the widely used Rayleigh and Marechal criteria [16] of image quality. Wavefront aberration at the beam edge must be less than ͞4 (Rayleigh) and ͞14 (Marechal). For the example shown in Fig. 2, the 
Calculation of the Pinhole Diameter
A pinhole located in the focal plane of the telescope provides spatial filtering of the beam: it removes high-frequency components from the spatial spectrum. This is required to prevent parasitic lasing, to decrease amplified spontaneous emission (ASE), and to suppress small-scale self-focusing.
Parasitic lasing in a multistage laser amplifier is caused by residual reflections from different elements by small angles relative to the beam propagation direction. Common ways to suppress parasitic lasing include antireflection coatings on all elements of the system, tilting elements off and use of various nonreciprocal elements (Faraday isolators or Pockels cell gates). It is always preferred to have as small a number of isolators and gates as possible. When the quality of optical elements was high and spatial filters with a narrow angle of view were used, we managed to achieve a small signal gain coefficient of G 0 ϭ 10 6 -10 7 between two gates [14] . ASE noise is the fundamental noise that is always present in laser amplifiers. Its power, at a given G 0 , can be decreased only by reducing the lifetime of high G 0 (by means of Pockels cell gates) or by narrowing the angle of view of the laser (by means of SFs).
An efficient way to suppress small-scale selffocusing is also to narrow the angle of view of the SF. Below we shall estimate the maximum angle of view or, which is the same, the maximum size of the SF pinhole for small-scale self-focusing suppression. Then we shall calculate the energy of the ASE noise in the laser with such an angle of view of the SF.
A. Suppression of Small-Scale Self-Focusing
When a high-power beam propagates in a transparent dielectric with cubic nonlinearity coefficient ␥, the value of the refractive index depends on light intensity I:
where n 0 is the value of the refractive index at small intensities. If ␥ Ͼ 0, self-focusing of the beam may occur. For short laser pulses ͑ Ͻ 10 ns͒ the main mechanism that leads to dependence (17) is the Kerr effect. Relaxation times for the orientational Kerr effect (rotation of the molecule as a whole) is typically of the order of 10 Ϫ10 -10 12 s for gaseous and liquid dielectrics, whereas for the electronic Kerr effect (direct distortion of the electron cloud) the relaxation times are much shorter-10 Ϫ15 s. The typical value of ␥ for the electronic self-focusing is
If intense radiation propagates as a bell-shaped beam, the peripheral rays whose intensity is lower than that of the central rays deviate from the beam axis because n NL is lower for them than for the beam on the axis. This is self-focusing of the beam as a whole. If a flat-top beam with radius a propagates at a distance much shorter than the Rayleigh length z R ϭ ka 2 , there is no self-focusing of the beam as a whole because n NL is uniform over the entire beam cross section. However, small intensity spikes in the beam start growing, splitting the beam under certain conditions into separated threads. This leads to a sharp rise of the beam divergence and a breakdown in optical elements. This effect is called small-scale selffocusing.
The small-scale self-focusing theory shows [21] that there is an angular scale of inhomogeneities that maximally grow in the light wave of the intensity I (the theory assumes no amplification in the nonlinear medium):
A measure for the small-scale self-focusing, as well as for the beam self-focusing as a whole, is the B-integral. If a beam passes through a nonlinear layer with length L the value of the B-integral will be
In the case of whole-beam self-focusing, this will lead to a nonlinear lens with the characteristic focal length of
In the case of small-scale self-focusing, the intensity of speckles with the optimal angular scale described in Eq. (19) at the entrance to the nonlinear layer I in will grow at the exit up to
There are always intensity inhomogeneities in the beam, so during beam propagation through a number of amplifiers and other optical elements of a highpower laser, small-scale self-focusing will always lead to beam degradation and damage of laser elements. It is known with a high degree of probability [4, 5] that, if in successively arranged optical elements the total value of the B-integral is larger than 2-3, then a threadlike structure is formed in the beam, causing multiple breakdowns in the optical elements.
A typical picture of the far-field region of a smooth bell-shaped beam profile with a characteristic radius a is a bright spot corresponding to angle 1͑͞ka͒. The spot is encircled by concentrically arranged diffraction rings with descending intensities. If a smallscale noise is present in the beam, in the far-field of such a beam there will be a ring with a radius of the angular component described in Eq. (19) . If the inequality is satisfied,
a pinhole with a diameter D that obeys the condition
and is situated in the lens focal plane of the spatial filter greatly reduces the maximally amplifying noise components described in Eq. (19) . This is an underlying feature in the small-scale self-focusing suppression methods.
If the right-hand side of inequality (24) is disobeyed, i.e., high-frequency components of the beam itself are cut off, then after the SF the beam shape will be distorted. If the left-hand side of inequality (24) is disobeyed, the small-scale self-focusing will be only weakly suppressed.
We shall estimate a typical value of ⌰ max for phosphate laser glass, the main contributor to the total value of the B-integral. For I ϭ ͑1-10͒ GW͞cm 2 (damage threshold for transparent dielectrics is about 20 GW͞cm 2 at 1 ns pulse duration) expressions (18) and (19) yield max ϭ ͑0.64 Ϫ 2͒ ϫ 10
Ϫ3
. For ϭ 1 m this corresponds to the characteristic size of small-scale perturbations a max ϭ ͑0.26 Ϫ 0.08͒ mm.
These estimations show that for amplifiers based on phosphate glass with a diameter of 2R Ն 10 cm, the SF that efficiently suppresses small-scale selffocusing and only slightly distorts the transverse beam distribution can be quite easily implemented. For R Ͻ 5 cm the efficiently suppressing SF will always, in a varying degree, distort the transverse distribution of the beam. To minimize these distortions, it is necessary to make them symmetric with respect to the beam axis. Therefore, precise matching of the SF pinhole to the beam axis is required (see Section 5 for more details).
B. Suppression of Amplified Spontaneous Emission
ASE noise is inevitable in laser amplifiers and its power considerably depends on the angle of view. We shall estimate the ASE noise in an amplifier with an angle of view of ⌬⍀. We assume that the gain has a Gaussian time profile with width ⌬t, Gaussian spectra with bandwidth ⌬, and maximum value G 0 . For simplicity, we consider that the amplifier is a long cylindrical rod placed in an immersion liquid. We shall also neglect the radial dependence of the gain coefficient. Under these assumptions, the noise density at the output of the amplifier can be estimated by formula [22] :
In a multicascade phosphate glass amplifier with n 0 ϭ 1.6, G 0 ϭ 2.3 ϫ 10 6 with a solid angle of view not limited by a SF (no spatial filtration), ⌬⍀ ϭ 2.9 ϫ 10 Ϫ3 sr, the noise energy density is W ASE ϭ 0.32 J͞cm 2 . This value is lower than the saturation fluence of neodymium phosphate glass ͑3.5 J͞cm 2 ͒ and cannot significantly reduce the gain coefficient. Nevertheless, at an aperture radius of R ϭ 5 cm the total noise energy at the output of the amplifier will be 25 J. With increasing G 0 up to 10 7 the noise energy density will grow up to W ASE ϭ 1.26 J͞cm 2 , a value comparable with the saturation fluence.
In the case of a SF with an angle of view satisfying condition (24), for the above amplifier ⌬⍀ ϭ 1.26 ϫ 10 Ϫ7 sr, the noise energy density even at G 0 ϭ 10 7 will be negligibly small, W ASE ϭ 5.5 ϫ 10 Ϫ5 J͞cm
2
. Thus the use of the pinhole in the SF that satisfies condition (24) will decrease the ASE noise energy density down to negligibly small values compared to the saturation fluence density of the lasing transition.
Spatial Filter Design
Various SF designs are possible, though we believe that the most reliable and easy-to-operate one is the design used in a Nd:glass laser [14] whose radiation served for pumping of a powerful optical parametric amplifier [11, 12] . Below we shall describe this SF design in more detail.
In the Nd:glass laser described in [14] three SFs were used. All of them were designed for minimum spherical aberration as described in Eq. (6) . In this amplifier, the diffraction-limited beam quality was not important, so condition (6) was quite sufficient. When the setup was modified for pulse energies of 300 J [23] , an additional SF was included in the laser output to broaden the output beam diameter up to 130 mm. Its lenses obey condition (7) . Lens parameters of all four SFs are presented in Table 1 .
Most sensitive to wavefront distortions of the beam is SF 3, which matches amplifier apertures with diameters of 85 and 100 mm. For compactness, lenses with focal lengths of f 1 ϭ 2291 mm and f 2 ϭ 2639 mm, respectively, were used in the telescope. These focal lengths fulfill the most stringent criterioncriterion (16) for a flat-top beam ͑m ϭ ϱ͒. The focal lengths of other telescopes were even longer than that for Eq. (16), so they did not noticeably distort the wavefront of the beam.
The SF is a thick-wall metal cell attached to a vacuum pipeline by a flexible corrugated metal hose. Pressure in the pipeline is kept at 10 Ϫ3 Torr. Telescope lenses made of K8 glass ͑n ϭ 1.506͒ serve as the cell windows. The lens thickness is 10 times smaller than their diameter. The lens diameter is 1.5-2 times greater than the beam diameter and therefore mounting them by the edge using silastic does not introduce noticeable depolarization into the laser beam. The lenses are attached to the cell via flanges on flexible metal bellows so that the lenses can be tilted and the distance between them can be varied. Both lens surfaces are covered with antireflection coating.
A pinhole made of 0.2 mm thick tantalum foil is placed in the focal plane of the lenses. Relatively heavy tantalum ions due to their great inertia cannot close the pinhole during the 1 ns pulse [24] . The pinhole image was observed by CCD camera through a special vacuum window in the metal cell. The pinhole is mounted on a three-coordinate precision stage placed inside the cell. The stepper motors are remotely controlled with an analog device or a computer. The device can position the pinhole with an accuracy of Ϯ5 m with a step of 2 m. This accuracy is quite sufficient for SF alignment. The alignment procedure will be discussed in the following section.
Alignment of Spatial Filters
The alignment procedure included five successive steps: centering the lenses, preliminary transverse alignment of the pinhole, longitudinal alignment of the pinhole, precise transverse alignment of the pinhole, and longitudinal alignment of lenses. The centering of lenses was done in the following manner. First we visually aligned the beam axes with the center of the input lens. Then the pinhole was completely moved out of the telescope axis. Then, we matched the beam position at the output with the center of the output lens by changing the direction of the incident beam by means of a mirror. After that, the lens position was fixed, and alignment of the pinhole was made.
The typical value of the pinhole diameter in the telescopes is 1 mm, and the typical value of the beam waist diameter is about 100 m. Therefore, rough alignment with accuracy up to about 100 m was made by visually matching the pinhole center with the beam center (the SF metal cell has a window in its central part).
We adjusted the pinhole along the beam axis using an additional measurement long-focus lens placed after the telescope's output lens. The image of the focal plane of the telescope is exactly in the focal plane of this long-focus lens. To illuminate the pinhole, we placed a thin aberrator before the input lens of the telescope. By sharpness of the picture of the pinhole edge we managed to adjust the pinhole with an accuracy of up to Ϯ100 m. This size is much smaller than the waist length, so this accuracy is quite acceptable.
To precisely match the center of the pinhole with the beam axis, we placed before the input telescope lens an additional pinhole with a diameter 10 -20 times smaller than that of the input beam. The ring structure in the far field enables high-precision matching of the pinhole to the laser beam (Fig. 3 ) [25] . The repeatability of this pinhole alignment is lying in the interval of Ϯ5 m. This precise alignment procedure was automated using a computer code written by the following algorithm. The center of the diffraction pattern was found as the center of symmetry of the pinhole illumination distribution. By the center of symmetry we understood a point, relative to which transformations of the intensity pattern distort the initial distribution to a lesser degree. We found the minimum of the self-similarity:
Here I 0 is the intensity matrix fixed by the CCD camera, I i is the intensity matrix after one of the symmetry transforms (central inversion, 180°rota-tion, 90°rotation, and so on), and M is the number of transforms. Typically we used M ϭ 7. Thus we determined the center of the symmetry of the pattern. Then the pinhole moves to the center of the diffraction pattern. The total automated procedure takes about 1 min.
Finally, the distance between lenses was chosen so that the collimated beam incident on the telescope had minimal divergence at the output. To achieve this, we minimized the size of the intensity distribution in the focal plane of an aberration-free long-focus objective.
Conclusion
Due to the four spatial filters calculated, manufactured, and adjusted as shown above, we could arrange a compact six-stage Nd:glass amplifier with an energy of 300 J and a pulse duration of 1 ns. Output beam divergence was not more than 3-4 diffraction limits (see Fig. 4 ) at a filling factor of 0.8. Comparison of the far-field distribution with theoretical calculation based on aberration analysis described in Section 2 shows that spherical aberration makes the largest contribution to the beam divergence. That is a result of the coma-compensated lens described in Eq. (7) used in the final spatial filter and small incident angles ͑␣ Ͻ 1°͒ used in all the other filters. To avoid parasitic oscillation at such small angles ␣, we used two Faraday isolators in the laser amplifier chain.
The above-described procedure of spatial filter alignment is simple and convenient; minor beam drifts in all four spatial filters can be adjusted for 15-30 min. Due to the high stability of the telescope design, the laser can operate without alignments during the whole working day. 
